Particle decay branching ratios for states of astrophysical importance in ^^Ne 
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We have measured proton and alpha-particle branching ratios of states formed using the 
i9p(3jje,f)^^Ne* reaction at a beam energy of 25 MeV. These ratios have a large impact on the 
astrophysical reaction rates of ^^0(Q,7)^^Ne, ^®F(p,7)^^Ne and ^*F(p,Q!)^^0, which are of interest 
in understanding energy generation in x-ray bursts and in interpreting anticipated 7-ray observa- 
tions of novae. We detected decay protons and alpha particles using a silicon detector array in 
coincidence with tritons measured in the focal plane detector of our Enge split-pole spectrograph. 
The silicon array consists of five strip detectors of the type used in the Louvain-Edinburgh Detector 
Array, subtending angles from 130° to 165° with approximately 14% lab efficiency. The correlation 
angular distributions give additional confidence in some prior spin-parity assignments that were 
based on gamma branchings. We measure Fp/F = 0.387 ± 0.016 for the 665 keV proton resonance, 
which agrees well with the direct measurement of Bardayan et ai. 

PACS numbers: 26.30.-|-k, 26.50.-l-x, 27.20.-(-n 



I. INTRODUCTION 

States in ^^Ne corresponding to (Qq.^=3529.4 
keV) and ^'^F+p (Qp-,=6411.2 keV) resonances play an 
important role in explosive hydrogen burning. In ener- 
getic events known as x-ray bursts, i50(a,7)^^Ne has 
long been thought to be a possible pathway from the 
hotCNO energy-generation bottleneck into the more ex- 
oergic hydrogen-burning processes above A=19, such as 
the NeNa cycle and the rp process In novae, the /3+ 
decay of '^^F is expected to be the prime source of the 511 
keV 7-ray line, and of the sub-511-keV continuum 7-ray 
flux, observable by orbiting 7-ray observatories such as 
INTEGRAL 0. The final yield of ^^F and its associated 
radiation is sensitive to the reaction rates of ^*F(p,7)^^Ne 
and i8F(p,a)i50 

The level density at relevant energies above the proton 
and alpha thresholds is low, so that the nuclear reac- 
tions mostly take place through isolated and narrow res- 
onances. The temperature-dependent resonant reaction 
rates may be calculated by summing over resonances : 
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where /i is the reduced mass, k is Boltzmann's constant, 
T is the temperature, is the resonance energy and W7 
is its strength. The first factor in the resonance strength, 
oj, is a statistical factor that depends on the spins in the 
incoming and outgoing channel, while 7 depends on the 
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width and branching ratios for the resonance: 
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where a and h denote the incoming and outgoing particles 
(p, a or 7) for the reaction /(a, b)F. Thus, the reaction 
rate has a linear dependence on the branching ratios. 



II. EXPERIMENT 

Previous experiments have measured astrophysically- 
important branc hing ra tios |E S S IS ^| and resonance 
strengths nTllTllTa[T3| for ^^Ne. The goal of the present 
experiment was to perform an independent measurement 
of these branching ratios, and to achieve higher sensitiv- 
ity in that measurement by using large-area silicon strip 
detectors • These detectors provided a large solid an- 
gle and an angular resolution in the lab of approximately 
2° 0. 

The ^9F(3He,t)i^Ne reaction was studied using 25 MeV 
^He beams provided by the WNSL ESTU tandem Van 
de Graaf accelerator. The beam, with a typical current 
of 19 pnA, was incident on 80 ^g/cm^ of CaF2 deposited 
on a 10 ^g/cw? carbon foil. The Enge spectrograph was 
placed at 61 = 0° with an aperture solid angle of 12.8 msr, 
and reaction products were momentum analyzed using a 
magnetic field of approximately 12.9 kG. The focal plane 
detector 0| measured the position (momentum), hori- 
zontal angle, Ai? (energy loss in isobutane) and E (en- 
ergy loss in a plastic scintillator). Particle identification 
(PID) was accomplished mainly by a gate on energy vs. 
momentum. Gates on other 2-d event plots further re- 
fined the PID. Tritons were easily distinguished from the 
only other incident particles, deuterons. The horizontal 
tracking information was used to correct the dominant 
(x|0"^) aberration in the spectrograph's focussing. 

Protons and alpha particles from the decay of unbound 
states were detected by the Yale Lamp Shade Array 
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FIG. 1: The top curve is the triton spectrum from data set D4, with the abscissa transformed to show ^^Ne excitation energy. 
The darker middle curve shows the tritons coincident with alpha-particles in YLSA, while the lower curve shows candidate 
events for tritons coincident with protons in YLSA, i.e., random contributions are not subtracted. The ^^O+a threshold lies 
at E^=3529A keV. 



(YLSA) , an array constructed from five sectors of silicon 
strip detectors of the type used in the Louvain-Edinburgh 
Detector Array |15| . The segments were arranged in 
an axially-symmetric 5-sided "lamp shade" configuration 
covering angles from 9 = 130° to 6* = 165°, with approx- 
imately 14% lab efficiency. The detectors were approxi- 
mately 500 fim thick; a bias voltage of 100 V was applied 
to them. Since it was essential that the beam go through 
the center of the chamber, two collimators were used for 
tuning: one at the entrance and one at the exit of the 
scattering chamber; both were 2 mm in diameter. YLSA 
was protected from particles scattered off the up- and 
downstream collimators by the detector mount and an 
aluminum sheet, respectively IT^ . After tuning, these 
collimators were rotated out of the beam path. 

In order to ensure proper functioning of the silicon de- 
tectors in the environment of electrons ejected from the 
target by the relatively intense beam, the sides of the 
detectors closest to the strips' pn-junctions, which have 
exposed Si02 between them, faced away from the target. 
Also, the target had strong rare-earth magnets immedi- 
ately to either side to deflect electrons, and the target 
ladder, aluminum sheet and detector mount were biased 
with -1-500 V to attract electrons away from the detector 

El 

A fast trigger was produced by the scintillator in the 
spectrograph's focal plane detector. Uninteresting events 
were discarded using rough PID based on the AE and E 
signals. The "fast-clear" (FCLR) feature of the CAEN 



V785/V775 ADC's and TDC's was used for this hardware 
cut, and did not reliably clear all modules at high trigger 
rates. This was undiscovered until after the measurement 
was made, resulting in the need for efficiency corrections. 
Fast discriminators on each of the 80 (5 x 16) silicon de- 
tector channels produced logic pulses which were passed 
through fixed 300-nsec delays to produce time spectra. 
Decay protons were distinguished from decay alpha par- 
ticles by their differing energies. 

Once PID was used to select the ('^IIe,t) channel and 
events with possible decay energies were extracted from 
the data, the momentum spectrum of coincident decays 
(see Fig. ^ was determined by requiring the time to lie 
within the peak in the time spectrum. A background 
spectrum was produced using candidate events with mea- 
sured times outside the peak. This background spectrum 
was used to quantify the rate of random coincidences. 

The energy calibration for YLSA was determined us- 
ing a ^^^Th alpha-particle source. The exact location 
of the discriminator thresholds varied by strip and was 
uncertain. The detectors in YLSA have an estimated 
2-fim dead layer; in simulations, deposited energies for 
alpha particles incident on YLSA ranged from 300 to 
600 keV, depending on lab angle and the angle of inci- 
dence. Because of this, the lowest ^^O + a resonance 
for which a reliable branching ratio could be extracted 
was at Er=1020 keV (£'a;=4549 keV). Likewise, the only 
^*F-|-p resonance with a reliable proton branching ratio 
was £;;^=665 keV (£^^=7076 keV). Above £;a;=7076 keV, 
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the triton energy calibration was uncertain, and states 
were not well resolved from one another. 



III. SIMULTANEOUS FIT OF THE DATA SETS 

Since all spherical harmonics with non-zero magnetic 
substates arc suppressed at = 0°, the tritons were de- 
tected at = 0° in order to simplify the calculation of the 
angular correlations. In order to have sufficient counts for 
fitting, the detected decay particles were divided into four 
angles (4 strips x 5 detectors per angle). As in ;6J, the 
angular correlation function used for breakup to ^^On 



'g.s. 



w{e) 



m\JM)Yi^'-"'\ 



-0)1', (3) 



M,7 



where Af are the substates of the ^^Ne state with spin J, 
PM = P-M are the J + ^ probabilities of substate popu- 
lations, and m = ±i are the possible magnetic substates 
of the ^^O Hlj. For |M| > |, pm = because the tritons 
were detected a.t 9 — 0°. 

Four separate sets of spectra were analyzed and fit to 
produce angular distributions. Each set corresponded to 
a unique set of experimental conditions. Higher ADC 
thresholds were used in the first data set (Dl). The 
thresholds were lowered for the second and third data 
sets (D2,D3), which have slightly different energy cali- 
brations from one another. For the fourth data set (D4), 
the YLSA electronics channels were given a shorter ADC 
gate than the focal plane channels, in an attempt to re- 
duce pileup in the spectra. 

The geometric efficiency of each strip in the array was 
determined for each resonance using a Monte Carlo sim- 
ulation of the formation and breakup of the resonances. 
The Ex— 5351 keV state is well-populated and has an 
isotropic cm. angular distribution for its decay prod- 
ucts. It is known to decay almost entirely by alpha- 
particle emission. (Calculations give F^/F < 10"'^ UM'y 
ujj = 1.69 ± 0.14 eV and F = 1.3 ± 0.5 keV have been 
measured for the analog in ^^F which is 499 keV closer to 
its threshold H^]-) When measuring the branching ratio 
for this state, it was found that the result was consis- 
tently less than one. The specific result was dependent 
on the details of the electronics gating. The three dif- 
ferent electronics configurations resulted in three differ- 
ent "coincidence efficiencies", ranging from 0.581±0.018 
(D4) in the worst case to 0.867±0.027 (Dl). For each of 
the runs, the decay data were divided by this factor. 

For Ej,=4379 keV, the lab energies of the alpha- 
particles extended below the thresholds for the detector. 
The exact energy of these thresholds varies with detector 
strip and is not precisely known. If one (falsely) assumes 
that all decay alpha particles were detected for this state, 
a 90% confidence interval for F„/r of (0.0027,0.0143) is 
found. This is interpreted as meaning F^/F >0.0027 
with a probability greater than 90%. Lower limits of 
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FIG. 2: Angular distributions of decay alpha-particles, (a) 
£'2!=6742 keV, solid curve for — \ , dashed curve for 



(b) £^=6861 keV, solid curve for J" 



dashed 



curve for = \ 



0.003 and 0.007 for Fp/F of the ^^^6742 and 6861 keV 
states, respectively, were determined in the same way. In 
these latter two cases, only data set D4 supports a non- 
zero result, which is cause for skepticism, especially since 
calculations based on the measured mirror state in ^^F 

and a direct measurement of Fp=2.22±0.69 eV |3 
estimate Fp/F=8.2x 10~* for the E^=6742 keV state 0. 
The ratio extracted from D4 is significantly different only 
for these two states. 

As can be seen in Fig. the energy (Ex) resolution 
of the triton spectrum was about 40 keV, so the peaks 
for the states at Ea;=4600 and 4635 keV were not well 
resolved. Since the Ej;=4635 keV state is not expected 
to emit significant numbers of alpha-particles (due to its 

1 = 7 angular momentum barrier), in our analysis of the 
coincidence data for these two states we attributed all of 
the measured decay alpha-particles to the Ea;=4600 keV 
state. 

For the 330-keV proton resonance at i?a;=6742 keV, we 
measured the spin and parity using the angular distribu- 
tion of its decay alpha-particles. The ^*'Ne('^IIe,Q;)^^Ne 
angular distribution measured for this state shows I = 1 
character, implying negative parity and J = ^ or | |24j . 

J'^ — ^ would imply an isotropic correlation function 
for the decay alpha-particles, but Fig. |2K shows that 
J'^ = I results in a much better fit to the data. 

A previous high-resolution measurement has shown 
that the (■^He,t) reaction populates the 450 keV proton 
resonance 0, and not an I = 1 resonance (isospin mirror 

of the J'' = f ~, E;j,=6891 keV state in ^^F) predicted to 
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TABLE I: Branching ratio results below the proton threshold, with error bars given at a 68.27% confidence level. Unless 
otherwise stated, J'^ assignments are from 19]. 



[keV] 


Er [keV] 


J" 


r„/r " 


r„/r f6] 


other Tc/r 


Tc/r fio] 


Tc/r (Average) 


4379 


850 


7/2+ 


(>0.0027)' 


0.044±0.032 


0.016±0.005 [9] 


<0.0039 " 




4549 


1020 


(1/2- ) [20] 


0.06±0.04 


0.07±0.03 




0.16±0.04 


0.09±0.04 


4600 


1071 


3/2" 


0.208±0.026 


0.25±0.04 


0.32±0.03 [8] 


0.32±0.04 


0.27±0.05 


4712 


1183 


(5/2-) 


0.69t«- 


0.82±0.15 




0.85±0.04 


0.83±0.05 


5092 


1563 


5/2+ 


0.751H? 


0.90±0.09 


0.80±0.10 f9] 


0.90±0.05 


0.84±0.07 



"This work. 

''Tentative. See text for details. 
^^90% confidence. 

"^Unresolved with Ea;=4635 keV. See text for details. 



TABLE II: Branching ratio measurements above the proton threshold. 



£x [keV] 


Er [keV] 


J" 


Lc/r » 


Tc/r [7] 


Ec/r (Average) 


Ep/r " 


Ep/E [7] Ep/E (Average) 


6742 


330 


3/2- 


u.yur_Q 


1.04±0.08 




(>0.003)' 




6861 


450 


7/2- 


r, 009+0.028 


0.96±0.08 


n qQ5+0-026 

U.»00_Q Q29 


(>0.007) ^ 


<0.025 


7076 


665 


3/2+ [ll,i2,ia 


0.613 " 


0.64±0.06 




0.387±0.016 


0.37±0.04 0.385±0.015 



"This work. 

''Tentative. See text for details. 
"^Simultaneous fit assumed F = Ta + Ep. 



lie near 430 keV [l^- The decay alpha-particle angular 
distribution in Fig. \^ shows that a spin assignment of 
I is the appropriate choice for the peak at this location 
in our spectrum. 

The measurement of E^/F = 0.387 ±0.016 for the 665- 
keV proton resonance is in agreement with the previ- 
ously measured value 0. It disagrees with the branch- 
ing ratio implied b y th e direct measurement performed at 
Louvain-la-Neuve , but agrees with the measurements 
made at Oak Ridge National Laboratory . 

IV. CONCLUSIONS 

The branching ratio measurements presented here are 
compared with previous measurements in Tables and 
Hn In cases where other measured values exist, weighted 



averages are given. The measurement provides support 
for the J^=\ assignment for the 330-keV ^^F(p,7) reso- 
nance, which dominates the reaction rate above 450 MK 
% The 450-keV ^^F-Hp resonance is also confirmed to 
have J^=i2 I re-afRrming its weak role in astrophysi- 
cal processes 0- The measured branching ratio for the 
665-keV ^^F-fp resonance, which strongly affects both 
^*F(p,7) and ^^F(p,a) astrophysical rates Q, differs from 
one recent direct measurement [TTI | and agrees with an- 
other ff^. Therefore, these reaction rates can now be 
calculated with greater confidence. 
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